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SUMMARY

Neasurements of the static-thrust performance of
six sets of rotor bplades mounted on a helicopter fuse=-
lage have been made in the Langley full-scale tunnel.
The rotor blades differ in surface condition, pltch
distribution, alirfoll section, »nlan form, and solidity.
These differences are largely unsystematic. The varia-
tion of rotor thrust coeffislent with torque coeffi-
cient and the power required to hover are compered for
each set of blndes. Pecauss of the indeterminate con-
dition of grournd restraint caused LY the wind-tunnsl
balance houvse and test-chamber walls, the absalute
magnitude of the date 1s questlionable but ths compara-
tlve results are bslleved to be rellable.

A rotor of conventlonal construction having a doped
fabric surface and relatively wlde rib spacing required
the most power to hover. The best hovering performance
wAas glven by two sets of plywocd-covered blades of rela-
tively low so0lidity, whick requirsd only slightly less
power than a smoother and more riglidly constructed version
of the conventional blades. The results lndicate that
the rotor-blade surface condltion has a very importeant
effect upon performance and that the optimum performance
of any rotor design will be obtained only 1f the bledes
have a smooth and accurately contoured surface that will
not deform during flight. The results further 1indlcate
that significant reductions in power can be obtained for
this alrcraft by the use of lower rotor speeds.

INTRODUCTION

Tests to determine the performance characteristics
of a hellcopter over a range of alraspeeds were conducted
in the Langley full-scale tunnel. Thils report presents
measurements of the static-thrust performaence of slx sets
or rotor blades sumplied by the Alr Technical Service
Conmand, Wright Fileld. These sets of blades differ 1in
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surface conditlon, pitch distributlon, ailrfoll section,
plan form, and solldity. The differences are largely
unsystematic. The results of these tests are presented
and the performance of the rotor blaedes 1n typlcal
hovering conditlions is compared. In ecddition, measure-
ments of the rotor-blade surface rouzhness are included
and the effect of surface condltion on performance is
dlscussed.

SYHROLS

thruet coefficlent of maln rotor (————2————
pﬁ)R)ZﬁRz

C torgue coefficient of main rotor (_9____)
P(QR) RS

T rotor thrust, pounds

4] rotor torque, I'oot-pounds

Q angular velocity of rotor, radians per second

P mass density of alr, slugs per cuble foot

R rotor-blade radius, feet

o] rotor solidity (g%g)

b number of rotor blades

R
JP cr2 dr

0
ivaleant chord ——
Ce equiv R
r2 dr
0
r distence from center of rotation to blade slsment

c rotor-blade chord at radius o
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_APPARATUS

The hellcopter was mounted at the three landing-
gear supports on a six-component strain-gage balence.
A photograph of the test setup 1s shown as figure 1. The
center-of-gravity location for the tests was chosen as
the point on the center line of the rotor shaft
56.52 inches below the plene of the flapping hinges.
Mis location was based on information supplled by the
manufacturer and falls within the center-of-gravity
range that corresponds to normel gross welght.

A strain-gage-typa torgue mater mounted on the
main rotor sheft neasured thes torque 1nput to the rotor.
The total-pitch angle was measured by an Indicator
atteched to tle control linksge and was cal*brated agoainst
a piotractor mounted on & rotor blade at the 1lu.25-foot
radius. The indicators for the blsde nitch angle,
strain-gage Dalance, and torque meter, togetiier with the
rencte-control system that omersted the engine and flight
cntrols of the helicovter, were lorstod in a test house
at the rear of the baslance housse. (Sse fim. 1.

Observations of the surfezce roughness of the six
sets of rotor blades were mude witk & lilO-power microscope.
A prism sttachment permlitt=d measurement of the haight
of the roughness particles.

ROTOR BLADES

The geometric characteristico of each of the rotor
blades are presented in table I and figure 2, and photo-
graphs of the blades are shown &as figzure 3.

Description of Rotor Blades

The blades of rotor A, which are the production
blades of the hellcopter tested, hheve & redius of
19 feet measured from the conter of rotetion. The blades
are tapered in plan form, have a total area (three blades)
of 65.l square feet, are untwisted, and have an NACA 0012
airfoll sectiosn. =Zach bladse ccnsists of a tubular
steel spar to which 36 wnoden ribs are sttached. The
rib spacing i1s approximately 6 inches at the blade root
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snd decreasss Lo h% inches at the tip. The forward

portion, which comprises epproximately 35 percent of ths
chord, 1s contoured by sprucs falring strips. A wire
cable forms the trailing edge snd the entlire rotor blade
1s fabric=-covered.

The forwsrd portion of the bhlades of rotor B has
been accurstely built un to contour for 35 percent of the
chord from the L7-psrcent radiuc outboerd to the tip. This
surface 18 very smooth and the entlrs rotor blade was
nollished wlth wax prlor to each test. The blades have
the same rib sracling as the blades of rotor A from the
roct to the eleventkh rit (l)j-pesrcent radius) but have
intermediate rlbs Inserted from this station to tioe tip,
which mave a total of 61 ribs for these tlades as ocompared
with 3% ribs for the blades of rotor A. With the excep-
tions of the smooth leading edge &nd the rld spacing, the
bledes of rotor B are identical to those of rotor A,

The blades of rotor ¢ Leve a llnear wachout of
0.L2° per foot and tha sams rit spacing as that used in
rotor R. The biade diwmenslons, ajrfoll section, surface
finish, forward-portlon contour, end method of construc-
tion ars the sems as for rotor A.

The bledes of rotor D have a rsdlus of 1P fzet,
which 13 1 foct less then the radius of the other tlades
testad. The rlan form ls rectangulsr end the three blades
have a total arsa of 52.6 square feet. These blades have
5 linear washout of 0.66° per foot and en NACA 0012 air-
foll section. Eaech blade has 58 ribs with a L-inch
spacing et the blade roct, which gradually decreases to
2 inches at the tip. The forward portion is contoured
simllarly to the blades of rotor B. The type of con-
struction 1s the same &as that of rctors A, B, and C.

The blades of rotor E have a radiuvs of 19 feet, a
tapered plan forw, end a total ares of L16.3 squaere fest.
The ajirfoll section i3 en NACA 23015 sectlon wlth the
rearward 10 percent of the mean 1line reflexed O.9°. The
blades are covered with plywood and have a T-percent-
chord brasa leeding-edge abrasion strip that exterds
along the outboard Ll percent of the span. There is a
belencing teb located near the blade tip. (Ses fig. 2.)

The blacdes of rotor F heve a linear washout of
0.45° per foct but are otherwiss the same as ths blades
of rotor E.
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Rotor-Blade Surface Roughness
After the statlc-~thrust tests had been completed,
the surfsce roughness of each rotor was determined. The

" amplitude and frequency of the rotor-blade surface waves

were measured at the B0-perce radius on the upper and
lower surfaces approximately 1ls inches from the leading

and the trailing edges of each rotor blade. The surface
roughness of rotors A, B, C, and D 1s primarlily due to
the fabric weave. The plgmented-dope finish partly
filled the small depressions and left a wavy surface.

The amplitude of the waves 1s approximetely 0.0011l inch
and the spanwise snd chordwlse frequency on both the
upper and lower blade surfaces ranges from 79 to 106 waves
per inch. The contoured forward portion on the blades

of rotors B and D is aserodynamiceally smooth. It was not
posaible to measure the surface roughrness of rotors E

and F with the microscons used, although these two

rotors have definite contour defects. Betwesn the leading-
edge strip and the plywood covering on ooth rotors E

end F there waos a U-shaped furrow approximestely 1/6lL. to
1/32 inch wide and deep. The furrows in the blades of
rotor E were f1lilad for all the tests, but those lin the
blades of rotor T were fllled for the second series of
measurements only. In splte of the appllcation of filler
to the most pronounced dlscontinuities, the blade rcontour
differs noticeably irom the true esirfoll sectlion beceause
of flat spots and protuberances, the elimlination of which
would require a complete resurfacing of the blades.

TEST PROCEDUFE

The static-thrust tests were made at a rotor-shaft
t11t of 0° and with the longitudinal and lateral
feathering controls locked in the neutral position.
Data are presented for engine speeds ranging from
1600 to 2100 rpm (rotor speeds of 1Zl to'225 rpm) for
indicated total-pitch angles from L® to 12°. The
helicopter was trimmed for zero yawing moment about the
center of gravity throughout the tests by adJusting the
pltch anzle of the tall rotcr. Fftatic-thrust measure-
ments were flrst talken for four sets of rotor blades
end tlie tests were later reveated for all six rotors.
The two rotors for which only one test was made are
rotors C and E.
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RESULTS AND DISCUSSION
Thrust and Torque Coefficlents

The results of the two static-thrust tests are pre-
sented in figure || for esch set of rotor blades in terms
of the thrust and torque coefficlents of the rotor and
the indicated total-pltch angles. The coefficlents
shown for rotor D are referred to the same disk aree as
those for the other rotors, instead of to the actual
36=foot~diameter dis¥, in order to compare the blades on
the basis of thrust avalleble for the hielicopter tested.
These cceffislents, however, wers also calzulated for the
36-foot~dlameter Alsk and the faired curve was found to
be almost coincident with the curve of flgure L(d) for
thrust ccefficients bstween -0.0030 end the maximum
covered in the tests.

The data are conslistent for rotors C, D, E, and F,
but there 1s considerable scatter in the results for
rotors A and B. Thls scatter probably results from
zoro drifting in ths 1lift straln-gage-indicator readings,
whicih occurred throughout the tests but was most pro-
nounced during tests of these two rotors. The tnrust
data have been zorrected for zero drifting by sssuming
thet the drifting varied linesrly with time.

The second series of data obtalned for rotor A
and rotor B (figs. lL(a) and Li(b)) shows a varlation with
rotor speed. Inasmuch as this verlation 1s not apparent
for the first serles of data obtained for these blades
and does not occur for any of the other rotors in elther
series of tests, only one curve is faired through the
test noints.

A comparison of the statlic-thrust rerformance of
all the rotor blades based on the conventlional produc-~
tion rotor radius of 19 feset 1s shown 1n figure 5. It
1s emphasized that the absolute magnitude of the data
presented 1s questlionsble because of the unusual ground
effect of the balsnce-house roof (see fig. 1) and possible
rectraint of the test-chamber walls on the air-flow
pattern, but the comparative results are bellieved to be
reliable.
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Power PRequlred for Hovering

The mein-rotor shaft power required for the heli-
copter to hover at ssa level with each set of rotor
blades has been estimeted from figure 5 and is given 1in
table II. The calculeations are presented for rotor-
thrust coefficients of 0.00387 end 0.00L6L, which corre-
spend to 4 gross welght of 2500 pounds, a rotor-shaft
tilt of 0", and engime speeds of 2300 and 2100 rpm (rotor
speeds of 2,46 and 225 rpm), respectively. The percentage
lesz horsepower requlred for each set of blades, referred
to rotor A, 1s also included.

The results indicete that rotor A requires ap»r»roxi-
mately 1.8 and 1,0 horsevower for hovering at engine
speeds of 2300 and 2100 rpm, respectively. The curves
of figure 5 also predict that rotor C wlll permit the
heliconter to hover with an average of 7 percent less
power thasn rotor A end that more then 3 nercent addltional
powor wonld be saved 1f rotor B were lnstalled. Rotor D
would require sn average of l percent less power than
rotor A. Rotors E and F would need approximately 12 and
13 percent lass power, respectively, to hover than
rotor A.

The tkrust in excess of 2500 pounds that the five
experlmentsal rotors would produce at engine speeds of
2300 and 2100 rpm for the same power innut that the pro-
duction blades (rotor A) require to hover (approxi-
mately 118 end 140 horsepower, respectively) is also
Included 1n table JI. The greatest single galn 1s
shown at 2300 rpm by the blades of rotor F; for a power
input of approximately 148 horsepower, these blades
produce elmost 300 pounds more thrust than the blades
of rotor A.

The eadvanteage of operating rotors at lower rota-
tional speeds and thus effecting a reductlion in profile
drag 1s clearly shown by the data in table II. Almost
8 horsepower would be saved in hovering with rotor A by
operating at an englne speed of 2100 rpm instead of
23200 rpm (rotor speedsof 225 and 2,6 rpm, respectively).
The power required for hovering with each rotor contlnues
to decreese with increasing thrust coefficient for values
of Cp a8 high as 0.00582 (an engine speed of 1375 rpm

or a rotor speed of 201 rpm). At this thrust coefficlent,
which 1s the highest afforded by the data, rotors A

and F require approxirately 136 and 119 horsepower,
respectively. ?See fig. 5.)
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The relative psrformanse of rotors & and F indlcates
that linear washout results In increased efficlency at
the higher thrust coefficients. The megnltude of this
effect cannot be accurately estirated from these data,
however, because of the limlts of experimental accuracy
end the surface differences bstween these rotor blades.

Effect of Rotor-3lede Surfarce on Performance

The results of figure 5 1ndicate that for the blades
tested and the conditlons covered the surface roughness,
the accuracy of the rotor-blede contour, and the rigidity
of the rotor-blade surfaze are the most important factors
affecting static-thrrust performance. For & glven thrust,
rotor A requlred wore power througnout the range of total-
pitch angle than any of the other rotors tested. The
other rotors, however, had either a smoother surface or
a more accurately and permenently ~ontoured surface, or
both. Thoe improvements in the performsnce of fabric-
covered blades thet result from having close rib spacing
and a smooth and aceuvrately contcurada forward nertion
are clearly Indlcated by the nerforriance of rotor B.

The performance of roter D is not so good as would be
exnected for a rctor having bludes with an accurately
contoured forward portlnn end very close rib spacing.
An insveniion of thsse blades, howsver, showed that the
fabric 1s loosely attasched to sevaral ribs and on one
blade 1t 1s not festened et all to two ribs nosar the
blade tip. The fabric bulge that resulted during onera-
tion 18 epperent in hlzh-spesd rhotographs of the rotor
blade and 1s therefore belleved to be responsible for a
noticeable decrease in performence. Pecause of ¢if-
ferences in solldlity, blade thickness, camter, and type
of surface imperfection, a comparlson of the blades of
rotors E and F witn the other bladss on the basls of
surfece condition cennot be made. FRotcrs E and F would
be expected to have s better perforance at any glven
thrust coeffizlent as a result of their lowsr solidity.

SONCLUSIONS

The following conclusions were drawn from stetic-
thrust tests of slx ssts of rotor blades mounted on a
helicopter fuselage in the Langley full-scale tumnel:;
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1. The condition of the rotor-blade surface has a
large effect upon the rotor verformence. The optimum
performance of any rotor design wlll be obtained only if
the blades have a smooth end accurately contoured surface
that will not deform during flight.

2. The production rotor, rotor A, requlres more
power to produce a gl ven thrust throughout the range of
total-pitch angle then any of the other blades tested.
It 1s estimasted that 1,8 and 1,0 horsepower are needed
for these blades to hover at thrust coeffliclents of
0.00387 end 0.00L6l., respectlively, which correspond to
a gross weight of 2500 pounds and engline speeds of 2300
and 2100 rpm. The .average saving in power required to
hover at these thrust coefficients by rotors B, C, D, E,
and F is approximately 10, 7, L, 12, and 13 percent,
respect) vely. For the seme power luput that rotor A
requires to hover at an englne speed of 23200 rym, rotor F
wlll produce nearly 300 pounds more thrust.

3. The reduction in power required to hover that
may bs obtalned by operating at lower rotor speeds is
clearly shown for the bledes tested. Savings of as nwuch
as § horsepower are obtsirsd 'y hoering et on engine
sneed of 2100 rom as comparad to 230G rpm (thrust coef-
ficlentsof main rotor I, 0.0046[, erd 0.00%E&7, respec-

tively). The data indicate addltlonsl savings with
furtber reduction ir engine s-eed to values at least as
low es 1875 rom (3m = 2.00532), which is the lowest
engine speed afforded oy the ceta when a gross weight of
2500 pounds is assumed.

. Linear washout appears to result in increased
efficisncy at the higher thrust coefficlents, as indi-
cated by the relative verformance of rotors E and F.
The magnlitude of this effect camnot be accurately
estimated from these data, however, because of the
limits of experimental accuracy and the surface differ-
snces between these rotorsa.

Langley Memorlal Aercnautlcal Leooretory
Natlonal Advisory Comrlttee for Aeronsutles
I.angley Fleld, Va.




TABLE I.- GEOLETRIC CHARACTmRISTICS OF ROTOR BLADES

Rotor- . Lrea of
. Linear Root Tip s
Rotor 213%33 gigiiii washout chord | chord bingee ??g;i
(£t) (deg/ft) | {in.) | (in.) (sqaf2§ selidity,
A 19 NACA 0012 0 20 86 65.4 0.060
B 19 NACA 0012 0 20 9.38 65.1 .060
c 19 NACA 0012 0.42 20 9.88 65.4 .060
D 18 NACA 0212 .65 .y | 4o 52.6 .061
¥odlfled
B
19 NACA 23015 0 12.5 6.75 46.3 .0h2
F 19 Kodifled L5 12.5 | 5.75 | L6.3 .oly2

NACA 23015

MATIOFAL ADVTSORY

COMMITTEE FOR AERONAUTICS
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TABLE II.- ESTI#ATE OF LAIN-ROTOR SEAFT FO%NEFR REQUIRED FOR HELICOPTER

TO HOVEF AT SEA LLVEL WITH RCTORS TESTED ;
_ . Engine speed, rpm .
2300 2130
Cp = 0.0033T7 _ Cp = 0.00L6EYL ;
nxsess Exca'ss
Rotor |Horsepower Percent less | thpyst horsepower | fercent less | ¢hmat
required r232§£ed Lfor reguired powir a for:
to hover 117.7 hp | to hover requlra 0.0°
then for ?15 ° than for 1h(1?.hp
rotor A rotor A
A 7.7 | emmmmm e 0 10,0 | emecmcmenea- 0
B 131.1 11.2 233 126.9 9.l 182
c 137.1 7.0 155 130.3 6.6 128-
D 140.8 .7 97 1zL.8 3.7 h
B 127.6 13.6 273 1zh.7 10.9 215
F 12€.2 12.2 258 123.1 11.9 258

1Thrust in excess of the assumsd gross weight of 2500 1b which would be
produced ty eack rotor for the seme power input that rotor A requires to

hover.

NATTONAL ADVISORY

COXMITTEE FOR AERONAUTICS
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